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P ABSTRACT

A capacitively coupled rf glow discharge of silane in argon was
studied to determine the spatial concentration of silicon atoms. Laser- '
induced fluorescence was used to determine the grouad state concentration
profiles. The fluorescence profiles clearly show the sharp boundaries of
the sheath regions. The dc bias voltage, silane mole fractions, flow
rates, and chamber pressure were all varied to establish the seunsitivity of
the silane profiles. The existing theory of sheath formation i{s used to
qualitatively understand the existence of sharp spatisl boundaries and the
sensitivity of the anode shesth rtegion to plasma chemiscry.

G 2

INTRODUCTION

The decomposition of silane in electrical discharges has bdHeen shown to
form thin films of hydrogenated amorphous silicon on the electrodes. These
films have promise for making f{nexpensive solid stste devices, e¢.g., photo-
voltaics {1). 1If cthe properties of the amorphous films are to be opti-
uized, the chemical processes in the gas phase and at the gas—-surface
iactecface must be understood. Laser probes are vell suited o che scudy of
these gas phase chemical species bdecause of their high spatial resolution,

sensitivity, and the variety of different laser spectroscopic techaiques
availabdle.

A frequently used discharge enviromment is a capacitively coupled cf
glow discharge. In previous publications we have presented spatially
resolved results from laser excited silicon atom fluorescence [2] and from
particie light scattering {3] in a capscitively coupled rf glow discharge
of silane and argon. In this srticle, ve preseat cesults from recent
experiments on the nature of our silicon atom fluorescence dsta. In the
accompanying article {4], wve dis uss the nature of parcticle light seac~-
tering and its relscion to the silicoa atom fluorescence.

EXPERIMENTAL

Our appsratus is designed to use laser probes with g discharge that has
festuras and parametets typical of discharges used by other investigators to
prepare smorphous silicon filme (1). Our laser system consiscs of a dye
laser pusped by & pulsed Nd:YAG lasetr. The dye beaa can be fraquency
doubled co produce a tunable UV besm. The laser system is opertated at 10 H:z
and produces light pulses 10 ns in duration with energies as high as a few
militjoules in the visidble, and & fev Cenths of milltjoules in che UV.

The discharge chamber is pictured schemstically in figure 1. The.

laser beam enters snd exits the chamber through Brewacer windows that drdc7e3sfon For as
sounted perpendicular to the plane of the paper in figure 1. The lmf',wfljr 3 GRARX N b_:
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Tigure 1 Schematic diagram of che discharge chasber. The laser entrance
and exit ports are perpendicular tq the plane of cthe figurse.

focusing is done with s telescope lens pair souated 0.5 a from the taage
spot size of 0.1~0.15 am as decermined from film buen pstterns. The elec~-
trodes sre 38 mm f{a dismeter end separated by 22 mm. The rf electrode is
shielded from tha chamber, while the ground electrode is ia mutusl ground
with the chamber. Thus, the effective ares of the ground electrode is
lacger than the rf eslectrode. The signal is detected through a collection
vindow sounted perpendicular to the laser ports. Ia order to prevent the
formation of amorphous silicon filme on the collection window and laser
vindows, s plasma constraining screen at grownd potential is placed around
the discharge sres. A chambear extensioa tube, through which the silane
aixtuce enters, {s uveed to separste the collection windew from the
discharge region by both flow snd distamecs.

The laser signal is detected by imsging the slit of 2 0.7 » wono-
chromstor, through & less peir of aperture 07.4, oato the laser bdeam. The
signal from the exit elit of the mencechromster is detected on a photo~
aultiplier tubs. A faet, gated Lantegration of - 100 ns provides digital
signals to & sicrosemputer. The microcomputer coatrols the encire experi-
aent, vhich allows efficient dsts collectien end encellent signal aver- 3
aging. The somochromster, the 10 ne pulse leagth, and geted detection all FRRCI
serve to discrisinete againet plesus eniseion. The spparatus is calibrated —r
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by filling the chamber with 0.10 toer of bensens vapor and detecting the
vell kmown fluorescence spectrum [5] as a function of spatisl position.
Righ resolution spacial profiles along the axis of the electrodes are
obtained by tramslating the vacuum chamber with respect to the fixed optics
system (see figure l). This slleviates the problems involved with
retaining alignment vhile translating & laser besm. A flexible comnection
to the vacuum pump allows chsmber motion, and the vacuum pump and chamber
system holds s constant pressure to an acecuracy of ~ 0,1% by servo coatrol
of an argoa lesk between a particle trap and the pusp.

Silicon atom fluorescence is detscted by weakly focusing the UV laser
. besa {ncto the duelurgo region. The laser wavelength of 25].4) na excites
ground state Si, 3p2 3P, +» 4s 3P,0 and fluorescence of the 4s P |0 -
32 3p, transicion at 252.85 om la detected through the manocheomater. The
monochromator resolucion of ~0.5 nm cleanly separates the 252.85 na emis~-
. sion from the excitacion line snd the other sesber of the triplet emission.
This ssparation nesrly rteaches the bsse line snd light scactering at the
ctesoaance excitstion does not ovarlap the 252.85 nu pesk. The conventional
seaning of fluoreecence, emission excited by optical absorpcion, is used ia
the following text. The more general excitacion of emission, including by
electrons,. should not be called fluorescence. The racent common use of
LIF, for laser faduced fluorescence, is often misused because tha laser

induced is only needed when ambiguity wight exist as to the type of opticsl
= excitation.

8,738 s TS VY0 wS T T

R
s

e
.

* RESULTS AND OISCUSSION

When an rf discharge is created, fon sheaths form nesr both slectrodes.
Sharp boundaries suggestive of ion sheaths are clearly evident in the axisl
profiles of silicon atom flyorescence presented in figure 2. These curves
show no electrode wvall effects, as determined from the benzene experiments.
In order to understand these spatial profiles, the discharge parameters
vere varied to probe both chemistry and electricsl sheath behavior. As the
total gss pressure was increased ac constant silane mole fraction and
discharge power, the intensity of che fluorescence signal increased, and
the location of the pesks changed crelative to the electrode. This increase
of fluorescence iatensicy with pressure implies that the toctal atom con-
centration has a crestion mechanism that depends on pressure. The movement
of the fluorescence peaks closer to the electrode surface with incressing
pressure is compatible vith the theoretical concepts of ton sheath for-
mstion [6]. This model suggests that the product of pressure snd shesth
distance to the electrode should remain constant, and this is exactly wvhac
is observed for the location of silicon atom fluoctescence peaks. The
cesson for the silicon atoms having boundaries aC the sheaths is a key
object of the curreat reseacch repoct, although it is obvious that it is
telated to che stom creaction wechanisa. In our earlier report (2] we
iwplied chat the most probable cause was the onset of high electron snergy
creation processes from silane and silane fragments.

The aole fraction of silane in argon is showm in figure 2 to weskly
affect both the shape and intensity of the silicon stom spatial profilas.
The mole fractions of 2%, 62, and 9% show sn incressing stomic signal vith
decreasing mole fraction of silane. At these large wole fractions, one has
difficulty separating the effects of stom creation aschanisme f{rom changes
in the discharge characteriscics. It 1is clear, however that at some point
thete should be & reduction {n atom intensity as oneg reduces the silane
mole fraction. Purthermore, vhen one reaches the mole fraction whers the
electron distributions are controlled by the dominant srgom conceatration,
the spatial profiles of atom concentration should reflect the electron
disctridutions in the plassa snd sheath regions by a convolution of electron
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Figure 2 Axial profiles of atowic silicon fluorescence signals for dif-
ferent mole fractions of silane in argon: A - 2%, 8 - 62, C ~
9%. The other discharge peramecers are: rf power 5W, gas flow
50 sccm, gas pressure 0.3 torr, and rf frequency lZ Miz. The
ground eleccrode is at 0.0 am. The tf electrode is at 22.0 mm.

impact snd other crestion mechanisms with silicon diffusion and loss pro-
cesses. The normal model of a plasms suggests thac s bulk plasma of fairly
constant electron impact chemistry should be bordered by the ion sheaths,
at which the transition in electron distridbutions and electron impact chea-
{stry asy shov differences from the bulk plasms. Consequently, one aight
expect curves such like those showm in figure 2, but. with smaller silicon
atom signals for smaller mole fractions of silsne. The silsne {s an {mpor-
tant cospoaent in congcrolling the electroa impsct processes and changes
from 2-9% are probably greatly affeccing the electron processes and there-
fore the atom coancentration. At smaller mole fractions we might expect to
reach a perturbation limic, where the electron impact processes are largely
controlled by argon. Figure ] shows results from expecisents performed at
silane mole fractions detween 0.05% and 0.452. While it i3 not shown in
figure 3}, the change from 2.0% to 0.43X reduced the sharp cusp like
behavior to a simple sharp boundary st 0.45%. This type of change from a
cusp to & shacrp edge might be expected on the basis of discharge changes
involved i{n resching a perturbation limit. The changes showa in figure 3
at lover mole fractions ars not compatidle with our expectaction for the
digcharge electron impacts creacing silicon atoms. In particular, at 0.2%
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ane can observe s pesk in silicon atom concentration at 3.3 ms, the orig- RIS
tnsl location of che sharp cuspe that appesr to correlate vith the fom RSN
sheaths. In addition, the very low wole fractions of silane show changes v
with conceatration that are not compatible with the concept of a reasonsbly g
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Figure 3 Axial profiles of atomic silicon fluorescence signals near the
ground electrode (0.0 wm), for different mole fractjions of silane
in argon: A - 0.45%, 3 - 0.35%, ¢ - 0.20%, D - 0.10%, E - 0.05%.
The other discharge parsmeters asre: rf power 3W, gas flow
S0 sccm, gas pressure 0.5 corr, and rf frequency 12 MHz.
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uniformn plasma between sheaths that 1s only veakly perturded by silane.
However, the atom signals do reflect the discharge electrical character~
istics by their spatial correlstiom vwith ion sheaths, especislly at larger
aole fractions of silane.

In order to further understand the origin of the silicoan atom signals
ve have done a aumber of other experiments. From laser-induced fluores-
cence one can, in principle, obtain s quantitative msagsure of concentra-
tion. 1In our initial calibracion experisents with bensene, we vere sble to
conclude that the laser power which was necessary to see the fluorescence
signal above the noise was far sbove that necessary to saturace the atomic
trangition. The resultant concentracion of silicom atoms, in the case of
saturation, is ~1 x 107/ce, based on the abeolucte yield of cthe benszene
enission and ssssuremsnts of focus volume, line widthe, and an unproven
aseumption of a simple saturacioa sschaniss. Wowever, the experisental
test of saturation was coatradicted by s linsar dependence of fluorescencs
signal an laser powar. The linear dependence had a non—tzero iatercept
indicating soms sort of powar threshold, am obesrvatioa that was difficult
to understand. In our next effort to understand the laser power dependence

of silicon stom fluorescence, sn experiment was performed in which the
focus dismeter of the besa wvas expanded by about a factor of thres to -
~0.35 sm. Additiocnsl focusing control and detection calidration wmust yet G
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. ersation. Other dsta showing corrslations with particle signals are showm
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Figure 4 A plot of laser power versus fluorescence tntmtty: Line A
tepresents non-sacuration limic behavior. Line B reprasents a
second high power msechaniswm.

be done to use the focusing volume changes ia a quanctitactive manner and
obcain an improved estimate of atom concencration. Nevertheless, the
expsaded ares of the laser beam allows a more sensitive mesasutement of
fluorescence signal versus laser powsr density. The resultant dsca sre
plotted in figure &, Although the laser power for all the poiats in
figurs & are above the cslculated saturattion powver, we csn sore clesrly
observe the onset of a linesr power dependence. At low powars, the cur-
vature of the plot is due to typical saturatios rollover as seen by the
deviation from a linear behavior (line A). As the power is incressed, s
second mechanisa takes over which has & linear dependence oa power with
some threshold (line 8). The nev mechanism {s compatibdle with laser
excited ctestion of atoms from some species in the discharge. In orvder to
study intrinsic eilicon stom concentrations, wuch lower power densicies
will be needed than were used is this work. The neceseity for a discharge,
the spatial variation of silicon atom signal, and the iamtensity and spatial
changes vwith mole fraction sll seggest that particles are the species that
ate responsible for lsser absorption and atom crestion during the laser
pulse. A nev experimsnt i{s being planned chat uses two laser besas of
variable colors to prode the process of particle sbeorption and atom

in an sccompanying peper [4]. .
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In conclusion, we have showm that the observed spatisl profiles of
silicoa acoms (2) are not derived from plasms chemistry in s direct manner.
At sufficiently large laser powers, the atom concentrations are prohably
created by absorption of radiatios by particles that exist it spatial zones
controlled by the discharge properties snd the discharge chemiscry.
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